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The mammalian target of rapamycin (mTOR) is a ser- 
ine/threonine kinase that plays an essential role in cell 
growth control. mTOR stimulates cell growth by phos- 
phorylating p70 ribosomal S6 kinase (S6K) and eu- 
karyote initiation factor 4E-binding protein 1 (4EBP1). 
The mTOR pathway is regulated by a wide variety of 
cellular signals, including mitogenic growth factors, nu- 
trients, cellular energy levels, and stress conditions. Re- 
cent studies have proposed several mechanisms to ex- 
plain how mTOR is regulated by growth factors and 
cellular energy levels. However, little is known as to 
how mTOR is regulated by stress conditions. We ob- 
served that two stress-induced proteins, RTP801/Reddl 
and RTP801L/Redd2, potently inhibit signaling through 
mTOR. Our data support that RTPS01 and RTP801L 
work downstream of AKT and upstream of TSC2 to in- 
hibit mTOR functions. These results add a new dimen- 
sion to mTOR pathway regulation and provide a possi- 
ble molecular mechanism of how cellular stress 
conditions may regulate mTOR function. 



A fundamental question in cell biology is how various extra- 
cellular cues can cause changes in translational output and 
hence the growth of the cell. The mammalian target of rapa- 
mycin (mTOR) 1 is a key regulator of translation that acts to 
stimulate protein synthesis by phosphorylating the ribosomal 
translation regulators p70 ribosomal 86 kinase (S6K) and eu- 
karyote initiation factor 4E-binding protein 1 (4EBP1) (re- 
viewed in Refs. 1-4). mTOR is known to receive inputs from 
multiple signaling pathways and responds by increasing or 



* This work was supported in part by grants from the Walthor Cancer 
Institute and the National Institutes of < leah.h The costs of publication 
of this article were defrayed in part by the payment of page charges. 
This article must therefore be hereby marked "advertisement" in ac- 
cordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

11 Supported bv a fellowship from the Program in Organogenesis 
(5-T32-HD075005). 

I iii Idrnssed Tel.: 734-763-3030; 

K-mail: kur.liangfiHmi icli.edu. 

■ 1 i i tr i 1 ii i i in in i \ i . i [ 

cin; S6K, S6 kinase: 1EBPI. eukarvoto initiation factor 4E-binding 
protein 1; TSC, tuberous sclerose complex: GAT'. GTPase-activating 
protein; AMPK, AMP-activated protein kinase; HA, hemagglutinin; 
liNAi. UNA interr'en 1 re i 



decreasing protein synthesis appropriately. A prominent exam- 
ple of this phenomenon is how mTOR is stimulated by growth 
factors and the availability of nutrients, while it is inhibited by 
conditions such a:-; low ATP level-,, ihe absence of nutrients, or 
cellular stressors such as DMA damage or hypoxia. Regulation 
of protein synthesis by mTOR is responsible for controlling cell 
size and proliferation, and it has recently been shown that 
mTOR may also regulate other cellular processes such as cy- 
toskeletal organization, mRNA turnover, transcription, and 
autophagy (1). Dys regulation of the mTOR pathway in vivo is 
associated with several inherited human syndromes, including 
tuberous sclerosis complex (TSC), the PTEN hamartoma tumor 
syndromes, and Peutz-Jeghers Syndrome (5, 6). 

The tuberous sclerosis complex gene products, TSC1 and 
I H I i i i 1 na mg network 

(7). TSC1 and TSC2 form a complex in the cell, and the integ- 
rity of the TSC 1/2 complex is essential for either protein to 
function. Cells or tissues lacking TSC1 or TSC2 display high 
levels of mTOK <t n 1 1 < tv ation status 

of S6K and 4EBP1, indicating that the TSC 1/2 complex nega- 
tively regulates mTOR function (8-11). This inhibition occurs 
via the GAP (GTPase-activating protein) domain of TSC2. The 
target of the GAP activity of TSC2 is the small G protein Rheb, 
a potent positive upstream regulator of mTOR (12-14). Several 
studies have found that TSC2 stimulates GTP hydrolysis and 
inactivation of Rheb both in vivo and in vitro (15, 16). 

Many of the signals known to impinge upon mTOR act 
through TSC2. For example, we have recently found that the 
AMP-activated protein kinase (AMPK) directly phosphorylates 
and activates TSC2, thereby inhibiting translation through 
mTOR (17). AMPK is a serine/threonine kinase that is acti- 
vated in response to low energy conditions. Under such condi- 
tions of ATP depletion, AMPK phosphorylates numerous sub- 
strates to enhance catabolism and suppress anabolism (18). 
AMPK-mediated activation of TSC2 suppresses mTOR, as as- 
sayed by the inhibition of the phosphorylation of the mTOR 
i irgetri S6K a u ' ,'• ei ' < it llulai protein synthe- 
sis, and a decrease in the overall size of cells (17). Therefore, 
the TSC2-mTOR pathway plays a critical role in the coordination 
between cellular energy levels and cell growth. In addition to low 
energy levels, it lias been proposed thai activation of AMPK is 
also responsible for coupling other stressors, such as osmotic 
stress, heat shock, or hypoxia to signaling through mTOR (19). 

AKT is a pro-survival kinase that is activated by insulin 
stimulation and positively regulates mTOR signaling by phos- 
phorylating and inactivating TSC2 (9, 20, 21). AKT may also 
stimulate mTOI nidoj idea rSC2 phi phorylation (22). 

Recently, Reiling and Hafen (23) performed a genetic screen in 
Drosophila for genes that, when overexpressed, suppressed an 
mTOR hyperactivation phenotype downstream of AKT. Two 
hypoxia-induced proteins, termed Scylla and Chary bdis, were 
identified from the gene :<: screen as negative regulators of the 
Drosophila TOR pathway. In this paper we investigate the 
mammalian orthologs of Scylla and Charybdis, RTP801 (also 
known as Reddl and dig2) and RTP801L (also known as 
Redd2). RTP801 and RTP801L share -50% sequence identity 
to each other but show little homology to other known proteins. 
We show that both RTP801 and RTP801L function as potent 
negative regulators of the mammalian target of rapamycin. 
Furthermore, we show that these proteins function upstream of 
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Fig. 1. The stress-induced proteins RTP801 and RTP801L in- 
hibit the mTOR targets S6K and 4EBP1. A, RTP801 and RTP801L 

i H « a h it t 11 I pi i ii lit , 

HA SdK and 1 lA-RTPKO 1 UrA-RTP) or HA-RTP80U. 'JlA-RTF'L'i were 
co-transfected into HEK293 cells, and the |y*iU-s were analyzed by 
West in an dysi ith a ] i i i 'am t the mTOR 

phosphorylation site on S6K, T389. The levels ofHA-S6K, HA-RTP801, 
and HA-RTP801L in the coll ly&aics v. as determined by immunoblot- 
ting with an anti-HA antibody. B, RTP801 and RTP801L decrease the 
activation status of 4EBP1. JFLAU-1EBP1 and HA-RTP8U1 or IIA- 
RTP801L were co-expressed in HEK293 cells, and anti-FLAG antibody 
was used to immunoprrcipiuitc UP) 4F.BP1. The activation -lata of 
4EBP1 was monitored -.villi a dual pliusphu-sueciiic anubodv against 
the -IE BP! activation sites T37/46. Levels of HA-RTP801 (HA-RTP) and 
HA-RTP801L (HA-RTPL) were monitored via an HA immunoblot of the 
total cell lysate. 

TSC2 and Kheb. Since ETP801 and RTP801L are up-regulated 
at the transcriptional level in response to a variety of stresses, 
including DNA damage, hypoxia, and glucocorticoid treatment 
(23-27), we speculate RTPS01 and RTP801L may play critical 
roles in coupling certain extra- and intracellular cues to the 
regulation of translation through mTOR. 

EXPERIMENTAL PROCEDURES 
Antibodies, Plasmids, and Materials— Anti- phospho-GSK3)3 (S9) 
was obtained Iron Up u Oh Hotte. ilk VA) \nn TsC2 antibodies 
were from Santa Cruz Biotechnololgy (Santa Cruz, CA). Anti-FLAG 
was from Sigma, and anti-HA and anti-Myc were obtained from Co- 
v.ince S Philadelphia, PAi. Anli-Dmmiphiln SoK was the generous gift of 
M. Stewart (28), and anti-RTP801 antiserum was the generous gift of L. 
Ellisen (24) Anti i idi ipei < i It< ■ -econdary an- 

tibodies were obtained from Amcrsham Biosciences (Buckinghamshir e, 
l"Ki. All o'li i iii i it I from Cell Signalinf 

HA-tagged S6K (all), FLAG-taggod 4EBP1, and GST-Akt were do- 
i i ii ' ' i i i ■ l i 

scribed previously (29). RTP801 and RTP801L constructs were gener- 
ated by PGR subcloning from IMAGE consortium clones 4302878 and 
3877854 into the pCDNA3-3xHA and pPGS cilo-noo-HA vectors, be- 
tween BamHI and EeoRI cloning sites. All newly made constructs were 
verified by DNA sequencing. 

II \Uivul i I i 1 1 1( a as obtained 

1 i i i ' i i i i i ii 1 > 

was suspended i a I live- controls foi t \ f e nments with 

pharmacological reagents included vehicle. 

Cell Culture, Transfection, and Immunoprecipitation — Mammalian 
rail typos wr-rc cultured and transfected as described previously :n0i. 
TSC2 +/ * and TSC2"'" MEFs were obtained from D. Kwiatkowski. Cells 
were cultured for ~48 h post-transfection unless otherwise noted, har- 
vested in a mild lysis buffer, and subjected to SDS-PAGE and Western 
analysis as described previously (31). All immunoblots represent the 
best example of at least two repeated experimental trials. Immunopre- 
cipitations were performed as described previously (31). 

Retroviral Infection- -Uouv.virai infection was performed by transfect- 
ing 293 Phoenix retrovirus packaging cells with empty vector or pPGS- 
CITE-neo-IL\-RTP801 and RTP801L as described previously (17). 

SNA Interference (RNAi)— RTP801, RTPS01L, and TSC2 short inter- 
tun PN \l i ll_ I n | I I la 111 l ii D'tVtl, 

CO). Each siRNA is a pool of four siRNA s directed against RTP801 or 
RTP801L. Oligonucleotides were transfected into HEK293 ceils, and 
lysates were made -48 li post transfection. Double-stranded RNAi 
against Scylla and Charybdis was made and used to treat S2 cells 
according to the method of Worby et al. (32). 
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To determine whether RTP801 and RTP801L function to 
-epl i lit i 'i trough the mammalian target of rapamy- 



Fig. 2. RTP801 and RTP801L RNAi increases S6K and 4EBP1 
phosphorylation but has no effect on Akt. A, down regulation of 
RTP801 or RTP-nll ,.,1 , t , r tf-rus rt S6J Poo of 

siRNA oligonucleotides directed against RTP801 or RTP801L were 
co-transfected with HA-S6K into IIEK293 coll The level of increase in 
S6K activation was assayed via immunoblot with an anubodv against 
the T389 activation site, and the level of HA-S6K was monitored with 
an anti-HA imm bl vs a control I 1 t [ l p -i were tieated 
with 10 nM rapamycin for 30 min before lysis. B, down-regulation of 
RTP801 and RTP801L increases the activation of targets downstream 
of mTOR but has no effect on the activation status of the upstream 
protein Akt. RTP801 and RTP801L siRNA oligonucleotides were co- 
transfected into HEK293 cells and the activation status of S6K, So t. the 
downstream target of S6K), 4EBP1, Akt, and GSK30 (a known down- 
stream target ot A I t ,vas d a uiucd h phnspii specific antibodies 
against residue- 1 it itl th it un sites of each 

protein. Knockdown of the endogenous RTPS01 protein was confirmed 
by immunoblotting with a polyclonal antibody against RTP80 1 {RTF). 

cin, we determined the effect of overexpressed RTP801 and 
RTP801L on the key mTOR targets S6K and 4EBP1 in 
HEK293 cells. Our data show that both overexpressed RTP801 
and RTP801L cause a dose-dependent inhibition of phospho- 
rylation of co-transfected S6K (Fig. 1A). The data also imply 
that RT 1*80 II, may be a more potent inhibitor of S6K than 
RTP801, since lower expression levels of RTP801L are required 
to inhibit S6K than RTP801 (Fig. 1A and data not shown). The 
RTP801- and RTP801L-mediated inhibition of co-expressed 
S6K was also observed in CIIO cells (data not shown), indicat- 
ing the effect is not specific to HEK293 cells. Similarly, RTP801 
and RTP801L also inliibit the phosphorylation of co-expressed 
4EBP1 (Fig. IB). These results suggest that overproduction of 
RTP801 and RTP801L potently inhibit signaling through mTOR. 

Further supporting the physiological relevance of RTP801 
and RTP801L in the regulation of S6K, we examined the effect 
of down-regulating RTP801 and RTP801L in HEK293 cells. 
Treatment of HEK293 cells with short interfering RNA oli- 
gonucleotides against RTP801 and RTPS01L led to an increase 
in S6K phosphorylation on T389, and rapamycin treatment 
completely inhibited the effect of RTP801 or RTPS01L RNAi 
i Fig. 2A). This increase was detected on both endogenous S6K 
(Fig. 2B) and on co-expressed S6K (Fig. 2A). We also observed 
an expected increase in phosphorylation of S6, the downstream 
target of S6K (Fig. 2B). Similar RNA interference experiments 
with Scylla and Charybdis were performed in Drosophila S2 
cells. Down-regulation of either Scylla or Charybdis enhanced 
phosphorylation of the Drosophila S6K. 2 Taken together with 
the overexpression experiments, these results further support 
the role of RTP801 and RTP801 L as potent negative regulators 
of signaling upstream of mTOR. 

- M. N. Corradetti, K. Inoki, and K.-L. Guan, unpublished 
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Fig. 3. RTP801 and RTP801L function downstream of Akt and downstream or parallel to AMPK. A and B, RTP801 and RTP801L 
inhibit rl > \ activation and have no effect on the activation status v RTPtibl •RTl', or r ^- II r It were . ti u t 

along with GST-Akt and I-IA-S6Kinto HBK293 cells, as indicated. Immunoblots were performed using: the indicated antibodies. B, RTP801L RNAi 
inhibits the expression of HA-RTP801L. Since no antibody against RTP801L is available, evidence of down-regulation of the RTP801L protein was 

t i ui i i • i n i ti i t i u i; i in at i t 1 

t ( 1 < k I ii < t iil i I i lid u 1 L has no effect on the activation status of AMPK. siRNA oligonucleotides against HA-RTP801 
; I • transfected into HEK293 cell ' tivat.ioi > letermij i 1 I r K tier 

site, T172. RTP801 (OTP) and AMPK expression was also monitored via imrnmoblot. D, RTP801 and RTP801L partially inhibit S6K in the 
presence of Compound C, an AMPK inhibitor. RTP801 (HA-RTP) or RTP801L (HA-RTPL) were co-transfected with HA-S6Kinto HEK293 cells and 
eicher treated with Compound G or vehicle I ionic-.! Ii i I i I it li 



To address how RTP801 and RTP801L inhibit signaling 
through mTOR, we sought to determine how RTP801 and 
RTP801L function in the context of known constituents of the 
mTOR pathway. The serine/threonine AKT is a key positive 
regulator of mTOR that functions by phosphorylating and in- 
activating the tuberous sclerosi l tit pruducl ' SC2, a negative 
regulator of mTOR (9, 20, 21). Our results indicate that over- 
expression of RTP801 and RTP801L in HEK293 cells has little 
effect on the phosphorylation and activation state of a co- 
expressed Akt construct, although the basal activity of the AKT 
construct is sufficient to activate S6K (Fig. 3A). Consistently, 
RNAi oligonucleotides directed against RTP801 and RTP801L 
have little effect on the phosphorylation of endogenous Akt or a 
downstream target of Akt, GSK30 (Fig. 2B). Moreover, RTP801 
and RTP801L inhibited AKT-induced S6K phosphorylation 
(Fig. 3A). The inhibitory effect of RTPS01L expression on S6K 
phosphorylation was effectively reversed by co-transfection of 
RNAi oligonucleotides, and RTP801L siRNA also abolished the 
expression of co-transfected HA-RTP801L (Fig. 3B). Collec- 
tively, these results indicate that RTP801 and RTP801L likely 
act downstream of AKT in mammalian cells. 

We also tested the relationship of RTP801 and RTP801L to 
AMPK, another known constituent of the mTOR pathway (17). 
To perform this experiment, we used a pharmacological inhib- 
itor of AMPK (commonly known as Compound C) that specifi- 
cally inhibits AMPK and not its upstream kinase LKB1 (30, 
31). Overexpressed RTP801 and RTP801L were still able to 
inhibit S6K phosphorylation in the presence of Compound C, 
albeit not as fully as in the absence of the compound (Fig. 3D). 
In addition, siRNA directed against UTP80I and RTP801L did 
not have a significant effect on AMPK phosphorylation (Fig. 
3C). Taken together, these data imply that RTP801 and 
RTP801L do not act upstream of AMPK. However, from these 
data we cannot distinguish whether RTP801 and RTP801L act 
downstream of AMPK or parallel to AMPK. 

To determine the relationship between RTP801, RTP801L, 
and TSC2, we down-regulated the endogenous TSC2 protein 
with siRNA oligonucleotides. The results indicate that RTP801 
and RTP801L were unable to fully inhibit S6K in the presence 



of TSC2 RNAi oligonucleotides (Fig. 4A). To further test the 
functional relationship between RTP801, RTP801L, and TSC2, 
we co-expressed RTP801 and RTP801L via retroviral infection 
in TSC2 _/+ and TSC2 -/ ~ cells. Our results show that co-ex- 
pression of RTP801 and RTP801L cause a reduction in endog- 
enous S6K phosphorylation in TSC2 +/+ cells but not TSC2 _/ ~ 
cells (Fig. 4B). Consistent with these data, RTP801 and 
RTP801L are unable to suppress S6K in the presence of overex- 
pressed Rheb, the downstream target of TSC2 (Fig. 4C). The 
inability of RTP801 and RTP801L to suppress S6Kwas observed 
in the presence of either wild-type Rheb or Rheb L64, a more 
active mutant of Rheb. Therefore, RTP801 and RTP801L func- 
tion upstream of TSC2 and Rheb to inhibit mTOR signaling. 

While RTP801 and RTP801L function similarly to inhibit 
signaling through the mammalian target of rapamycin, it is not 
likely that they are regulated by all the same agonists, since 
the organization of their respective promoters are different. 
Significantly more is known about regulation of RTP801 than 
RTP801L. possibly due to the decreased stability of RTP801L 
relative to RTP801 (24). RTP801 transcription has been shown 
to be rapidly up-regulated by hypoxia via the hypoxia inducible 
factor HIFl (26). It has also been shown that RTP801 is up- 
regulated by treatment with the glucocorticoid drug dexa- 
methasone (27). Interestingly, glucocorticoids such as dexa- 
methasone have been shown to cause a robust inhibition of S6K 
in cells that express the glucocorticoid receptor (33, 34), imply- 
ing that the immunosuppresive effects of the mTOR-targeting 
drug rapamycin and glucocorticoid receptor-targeting drug 
dexamethasone may at least partially share a mechanism of 
action. Thus we speculate that since RTP801 (also called dex- 
amethasone-induced gene 2, dig2) has been shown to be rapidly 
and stably up-regulated by dexaniethasone (27), it is possible 
that dexamethasone-mediated inhibition of S6K works through 
a mechanism that requires RTP801. 

In addition, it has beoi < 1 it I m response to 

DNA damage, cellular transcription of many genes is dramat- 
ically reduced through a mechanism that requires the tran- 
scription factor p53. Much less work has been performed on the 
regulation of translation in response to DMA damage, but it has 
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Fig. 4. RTP801 and RTP801L function upstream of TSC2. A, 

SC2 is requii 'Si.; 1 or RTPfiOl fvii nbibit. i 

was down-regulated in HEK293 cells by RNA interference in the pres- 
ence or absence of co-transfected HA-RTP801 (HA-RTP) and RTP801L 
(HA-RTPLk The activation M uU.« ..f H -\ S6K noi, monitored via imnra- 
noblot on T389, and the leveP of TSC'2. HA-S«K. .-mrl HA-RTP801 and 
RTP801L were determined as indicated. B, RTP801 and RTP801L are 
unable to inhibit S6K in cell m 1 1 S Wild type or TSC2-null 
MEFs were infected with retroviruses containing either empty vector or 
HA-RTP801 (HA-RTP) and HA RTP801L (HA-RTPL). Imrnunoblots 
were performed using the indicated antibodies. C, RTP801 and 
RTP801L are unable to inhibit S6K in the presence of overexpressed 
Rheb. HA-RTP801 or HA-RTP801L were co-transfected with HA-S6K 
into HEK293 cells in the presence or absence of Myc-Rheb or a more 
active mutant of Rheb, Myc-Rheb-L64. Immunobiots were performed 
in tl ii I , I t, i > , rh, loleofRTPSOl 

4 iORpath ' . otei 

induced at the tnu riptioi 1 n i p< nee to a variety of stresses, 
including DNAd | i f)^\ Urn u fc l u 

unknown mechanism, RTP801 and RTP801L activate the TSC172 com- 
plex downstream of Akt. TSC2 GAP activity leads to a reduction in the 
i 1 L r I. act i i I 1 I - r 1 i ■ I 1 

decreased signaling through the mTOR effectors S6K and 4EBP1. 

been shown that several DNA damaging agents cause inhibi- 
tion of signaling through mTOR (35, 36). Since it has also been 
shown that a variety of DNA damaging agents, including eto- 
poside, ionizing radiation, and the DNA alkylating agent 
methyl methanes ulfonate cause a rapid and stable increase in 
the transcription of ETP801 (24, 27), future studies should be 
aimed at determining whether RTP801 and/or RTP801L play 
any role in coupling the ability of the cell to sense DNA d amage 
and the sub.-wqucnl reduction in i r:in.-lai-ioi> through mTOR. 

It will be critical in the future to determine how the structure 
of RTP801 and RTP801L leads to inhibition of signaling 
through mTOR. RTP801 and RTP801L possess little detectable 
homology to known protein domains. It remains unclear 
whether these proteins possess catalytic function, whether 
they serve as adaptor proteins, or whether they have some 
other, unknown mechanism of action. It also remains to be seen 
whether RTP801 and RTP801L somehow affect TSC2 GAP 
activity. The fact that RNAi against either RTP801 or 
RTP801L elevated S6K phosphorylation more dramatically in 
cells cultured in older medium than fresh medium (data not 
shown) suggests that these two gene products may play a more 
prominent role in mTOR regulation under poor growth condi- 
tions as opposed to rich conditions. 

Both the overexpression and down-regulation experiments 



described in this report demonstrate that RTP801 and 
RTP801L play a role to inhibit the mTOR pathway ( Fig. AD). It 
should be noted that, during the course of this study, similar 
observations were also made by Brugarolas et al. (37). Both 
studies indicate that RTP801 and RTP801L act upstream of 
TSC2, Rheb, and mTOR and possibly downstream of AKT. 
These results are consistent with genetic studies by Reiling and 
Hafen (23) who demonstrated that Scyila and Charybdis, the 
Drosophila homologs of RTP801 and RTP801L, down-regulate 
the TOR pathway in Drosophila. Thus, RTP801 and RTP801L 
should be considered as potential upstream mediators of sig- 
nals caused by stressors to mTOR, but it is clear that the 
molecular mechanism of RTP801 and RTP801L in mTOR inhi- 
bition requires further investigation. 
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